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“If you assume that there is no hope, you guarantee 
that there will be no hope. If you assume that there is an instinct for 
freedom, that there are opportunities to change things, then there   
is a possibility that you can contribute to making a better world.” 




A evolução dos padrões oceanográficos e climáticos do nosso planeta está diretamente 
ligada à alternância de ciclos glaciais e interglaciais que ocorreram durante o Quaternário 
associados à diversos atores da regulação climática. Os oceanos tropicais, como o Mar 
Sul da China (SCS), têm papel fundamental dentro desses processos, como uma 
importante região de comunicação entre altas e baixas latitudes. Analogamente, na 
atmosfera, o Sistema de Monção do Leste Asiático (EAM), permite esta comunicação. O 
EAM influencia significativamente os padrões oceanográficos sazonais do SCS, e suas 
interações estão intimamente ligados aos principais eventos climáticos registrados no 
Quaternário Superior. A presente dissertação investigou mudanças nas interações oceano-
atmosfera entre o SCS e o EAM através de foraminíferos planctônicos de registros 
sedimentares marinhos, uma vez que este proxy permite inferir mudanças na estrutura da 
coluna d’água, no que diz respeito à produtividade primária e temperatura. A 
porcentagem de foraminíferos subsuperficiais/termoclina obtida em 11 registros 
sedimentares marinhos permitiu avaliar a variação espacial e temporal da camada de 
mistura (MLD) do SCS nos últimos 25 mil anos. Nesse período, variações da MLD estão 
relacionadas a variações na intensidade do EAM de inverno, em resposta a teleconecções 
atmosféricas de alta e baixas latitudes. A caracterização das assembleias de foraminíferos 
planctônicos do testemunho U1431D, retirado da região de mar profundo da porção leste 
do SCS durante o International Ocean Discovery Program (IODP) Expedition 349, foi 
aplicada no entendimento das condições ambientais (temperatura da superfície do mar e 
produtividade primária) no SCS nos últimos 300 mil anos. A evolução dos padrões 
hidrográficos do SCS apresenta forte relação com a mudanças na intensidade do EAM, 
especialmente nos eventos glaciais mais recentes. Nossos resultados apontam para a 
existência de gradientes latitudinais e longitudinais no SCS em resposta ao EAM e a 
entrada de águas do Pacífico, pela Corrente de Kuroshio.  
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Earth’s oceanographic and climatic evolution is directly linked to Quaternary glacial and 
interglacial cycles driven by multiple climate regulation actors. Tropical oceans, as the 
South China Sea (SCS), play a key role in these processes as an important region of 
communication between high and low latitudes. Analogous, in the atmosphere, the East 
Asian Monsoon system (EAM) allows this communication. The EAM significantly 
influences the seasonal oceanographic patterns of the SCS, and the air-sea coupling 
between them are closely related to the major glacial/interglacial events recorded in the 
Late Quaternary. The present dissertation investigated changes in these air-sea 
interactions by examining planktonic foraminifera (PF) from marine sedimentary records, 
as this proxy allows the inference of water column conditions, particularly concerning 
primary productivity (PP) and upper thermal structure. The percentage of deep-dwellers 
PF obtained in 11 marine sedimentary records allowed to evaluate the spatial and 
temporal variation of the SCS mixed layer depth (MLD) in the last 25 thousand years. 
During this period, MLD variations are related to variations in EAM winter intensity in 
response to atmospheric teleconnections between high and low latitudes. The planktonic 
foraminifera assemblages from hole U1431D, taken from deep sea floor in the eastern 
SCS portion during the International Ocean Discovery Program (IODP) Expedition 349, 
was applied in understanding the SCS environmental conditions (sea surface temperature 
and primary productivity) in the last 300 thousand years. The SCS hydrographic patterns 
evolution is strongly related to EAM intensity changes, especially in recent cold events. 
Our results point to the existence of latitudinal and longitudinal gradients in SCS in 
response to EAM and the intrusion of Pacific waters by the Kuroshio Current. 
Key-words: Ocean-atmosphere interactions; South China Sea; East Asian Monsoon 
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 A evolução do clima no Quaternário Superior é marcada por ciclos glaciais e 
interglaciais decorrentes de mudanças nos padrões orbitais da Terra que afetaram os 
padrões climáticos e oceanográficos do nosso planeta (CLEMENS et al., 2010). Estas 
mudanças estão relacionadas com a interação de diversos atores da regulação climática, 
tais como: intensidade de insolação, circulação oceânica e atmosférica, mecanismos de 
feedback internos promovidos pela concentração de CO2 atmosférico, intensidade do 
albedo, resfriamento de águas profundas e mudanças na profundidade da camada de 
mistura (LANG; WOLFF, 2011; MCCLYMONT et al., 2013).  
 Dentro desse cenário os oceanos tropicais têm importância fundamental na 
regulação do clima, pois atuam como um canal ativo de comunicação entre altas e baixas 
latitudes (WANG et al., 1999; YU; CHEN, 2013). O Mar Sul da China (SCS) aparece 
nesse contexto como uma região de grande interesse para as reconstruções 
paleoceanográficas proporcionando registros marinhos de alta resolução temporal (JIAN, 
et al., 2000; WANG, et al., 2014). Além disso, esta bacia tropical está sob influência do 
maior sistema de monção atual (WANG et al., 1999; MCCLYMONT et al., 2013; YU; 
CHEN, 2013). 
Os sistemas de monções são sistemas climáticos de escala global, caracterizados 
por mudanças sazonais na circulação atmosférica que provocam reversão de ventos e 
mudanças nos padrões de precipitação continental (HESS; KUHNT, 2005; WANG, 2009; 
CHENG et al., 2012). Essas alterações ocorrem devido à migração sazonal da Zona de 
Convergência Intertropical (Intertropical Convergence Zone - ITCZ) associada à 
reversão sazonal da capacidade de aquecimento entre o continente e o oceano (WANG; 
DING, 2008; CHENG et al., 2012).  
  O Sistema de Monção Asiático configura o maior sistema de monções atual, com 
dois subsistemas: o Indiano ou do Sul da Ásia e o do Leste da Ásia. O Sistema de Monção 
do Leste da Ásia (EAM) influencia significativamente os padrões oceanográficos 
sazonais do SCS (HESS; KUHNT, 2005; WANG et al., 2005ª,b, 2009; HE; WU, 2013). 
Durante o inverno, por exemplo, esta bacia marginal do Pacífico Ocidental apresenta 
variações de até 9o C na temperatura da superfície do mar (sea surface temperature - SST) 
(JIAN et al., 2000, 2001; HESS; KUHNT, 2005).  
  Apesar das forçantes orbitais apresentarem oscilações semelhantes dentro dos 
ciclos glaciais-interglaciais do Quaternário, as interações oceano-continente de cada 
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região e os mecanismos de feedback internos podem influenciar de maneira diferente os 
padrões das monções (WANG, 2009). Assim, a evolução do EAM abrange um amplo 
espectro de escalas temporais e espaciais, fazendo-se necessária a exploração dessas 
variações em estudos paleoclimáticos. Assumindo que estas mudanças apresentam 
padrões recorrentes e naturais, o estudo dos padrões do EAM contribui para o 
entendimento das mudanças climáticas globais e a predição de cenários futuros, dentro 
do seu papel de regulação de umidade e calor em baixas latitudes. Além disso, o EAM 
interfere diretamente no desenvolvimento da produção agrícola da região mais populosa 
do planeta, que depende da agricultura de subsistência (CHENG et al., 2012; WANG et 
al., 1999). 
Mudanças nas condições hidrográficas das águas superficiais dos oceanos são 
cruciais para o sistema climático uma vez que afetam interações oceano-atmosfera e o 
armazenamento de calor (REGENBERG et al., 2009). Desta maneira, a SST aparece 
como foco de reconstruções paleoceanográficas e paleoclimáticas (WANG; WANG, 
1990; WEFER et al., 1999; JIAN et al., 2000). Os foraminíferos planctônicos são 
amplamente utilizados nessas reconstruções graças a sua ampla distribuição e abundância 
nos sedimentos marinhos (WEFER et al., 1999; KUCERA et al., 2005; KUCERA, 2007). 
A sua biodiversidade e distribuição geográfica são controladas pelas interações de 
parâmetros como temperatura, salinidade e a concentração de nutrientes, de forma que a 
composição das assembleias de foraminíferos planctônicos permite a interpretação das 
condições ambientais no momento em que estavam vivos (KUCERA et al., 2005). Com 
isso, a abundância relativa de foraminíferos planctônicos e a composição de assembleias 
tem sido aplicada no entendimento dos padrões e evolução da EAM, especialmente no 
que se refere a sua influência sobre a TSM dentro dos ciclos glaciais-interglaciais do 
Quaternário (KIENAST, 2001; SHYU et al., 2001; STEINKE et al., 2001; CHEN et al., 
2005; ZHENG et al., 2005).   
  Recentemente, a influência de outras variáveis ambientais (p.e., produção 
primária (PP)) como fatores de controle na composição de foraminíferos planctônicos, 
particularmente em oceanos tropicais está em discussão (p.e., MOREY et al., 2005; 
ZARIC et al., 2005; JONKERS; KUCERA, 2015), e dentro dessa perspectiva o capítulo 
1 desta dissertação, “East Asian Monsoon impacts over the South China Sea mixed layer 
depth in the last 25ka: A planktonic foraminifera response” , investigou a influência da 
dinâmica da profundidade da camada de mistura (Mixed Layer Depth – MLD) desde o 
Último Máximo Glacial (Last Glacial Maximum - LGM) sobre  os foraminíferos 
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planctônicos, com base em uma compilação de dados obtidos a partir 11 testemunhos 
previamente publicados coletados nas sub bacias Norte e Sul do SCS. Neste capítulo, a 
variabilidade espacial e temporal da MLD em resposta à atividade/intensidade da EAM 
foi avaliada através das mudanças na porcentagem de foraminíferos planctônicos deep-
dwellers (habitantes de águas profundas) e de uma Função Empírica Ortogonal 
(Empirical Orthogonal Function - EOF).  
 No capítulo 2 - “A 300,000 year record of the East South China Sea sub-basin 
surface water dynamics: planktonic foraminiferal assemblages” realizamos a 
caracterização das assembleias de foraminíferos planctônicos do Hole U1431D, retirado 
da região de mar profundo da porção central do SCS. As assembleias foram interpretadas 
de acordo com sua resposta a mudanças na SST e na PP da sub-bacia Leste do SCS. Aos 
dados de abundância de foraminíferos planctônicos foi aplicada uma função de 
transferência, com base na Técnica de Análogos Modernos (Modern Analog Technique - 
MAT), para a obtenção de estimativas de SST. A abundância de deep-dwellers foi 
utilizada para reconstrução de variações na MLD. 
Os capítulos são apresentados em formato de artigo científico de acordo com as 
diretrizes estabelecidas pelo Manual do Aluno do Programa de Pós-Graduação em 
Sistemas Costeiros e Oceânicos - PGSISCO (Art. 5), e pela Resolução do Conselho de 
Ensino Pesquisa e Extensão - CEPE (65/09, de 30 de outubro de 2009) da Universidade 
Federal do Paraná. A formatação dos capítulos foi condicionada aos padrões das revistas 
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Here we examine changes in the South China Sea (SCS) upper water column structure 
over the last 25 ka. For this we compiled a dataset composed of 11 planktonic 
foraminifera (PF) census records obtained from cores retrieved from the Northern and 
Southern SCS sub-basins. Mixed layer depth (MLD) changes are reconstructed through 
the percentage of deep-dwelling PF species in the SCS. We then evaluate MLD spatial-
temporal patterns in the SCS through an empirical orthogonal function (EOF) analysis. 
Our reconstruction points to a deeper MLD during the Last Glacial Maximum (LGM) and 
Heinrich event 1 (H1), associated to a strengthened East Asian Winter Monsoon 
(EAWM). Additionally, northern SCS sub-basin MLD presented a more pronounced 
response to these cool events than its southern counterpart, reflecting the N-S latitudinal 
influence of the EAWM. During these cold events, the southward shift of the Siberian 
high-pressure system lead to an intensification of the EAWM winds. This highlights the 
role of the East Asian Monsoon System in high and low latitude atmospheric connection. 
 
Keywords: Planktonic foraminifera; deep-dwelling species; East Asian Winter 




  The South China Sea (SCS) is a tropical marginal basin of fundamental 
importance in the comprehension of the interaction between high and low latitudes 
climatic processes (Wang et al., 2008; Yu and Chen, 2013). This semi-enclosed basin is 
characterized by high sedimentation rates, especially during the glacial periods (i.e., 2.5-
7.1 cm/ka) (Wang et al., 1995), and good carbonate preservation (Liu et al., 2015). In 
addition, the SCS is under the influence of a branch of the largest modern monsoon 
system, the East Asian Monsoon System (EAM), an atmospheric feature with global 
influence (Zhang et al. 2009; Cheng et al. 2012). Therefore, the sedimentary records of 
the SCS are an ideal data source for palaeoceanographic and palaeoclimatological 
reconstructions. 
Late Quaternary glacial-interglacial cycles are substantially investigated based on 
the reconstruction of sea surface temperature (SST) once this variable connects the ocean 
and the atmosphere, affecting global climate ( Kienast 2001; Chen et al. 2005; Oppo and 
Sun 2005). Planktonic foraminifera (PF) assemblages are widely applied as proxies in 
these palaeoceanographic reconstructions. Hydrographic conditions (i.e., temperature and 
salinity), which can be modulated by past climatic oscillations, control these organisms 
biodiversity and their geographical distribution are controlled (Wefer et al., 1999; Kucera 
2007). Although SSTs are the main controlling factor of PF assemblages, other 
environmental variables are also relevant for assemblage distribution (Schiebel, 2002; 
Morey et al., 2005; Zaric et al., 2005; Jonkers and Kucera, 2015). 
In oligotrophic basins, such as Tropical oceans, for example, the interaction 
between primary productivity (PP) export flux and seasonal changes of the mixed layer 
depth (MLD) significantly influence PF test fluxes (Salmon et al., 2015). In Tropical 
oceans, as a general setting, deeper (shallower) MLD lead to higher (lower) nutrient 
availability. As a consequence, PP export flux increase (decrease), favoring (hindering) 
the development of deep-dwelling PF species and test fluxes to the seafloor (Salmon et 
al., 2015). This relationship allows the application of deep-dwelling PF percentages as a 
MLD proxy (Andreasen and Ravelo, 1997; Tian et al., 2005). 
In the SCS, the MLD responds quickly to ocean-atmosphere interactions as wind 
stress, and sea-air heat exchange act in the upper-ocean layers creating instability (Duan 
et al., 2012; Xianjun et al., 2013). EAM winds generate turbulence that affects 
substantially the exchange of heat and nutrients between the superficial and deeper layers 
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of the SCS water column through changes in the MLD (Duan et al., 2012; Xianjun et al., 
2013). Consequently, the PF fauna will respond to changes in food availability that follow 
MLD changes. Here we present a MLD reconstruction for the South China Sea spanning 
the last 25 ka. For this we apply the percentage of deep-dwelling PF from a dataset 
compiled from previously published SCS records. This dataset comprises 11 records 
(Figure 1). We also perform an Empirical Orthogonal Function (EOF) in order to 
understand SCS spatial-temporal MLD patterns. We then use the MLD curve and the 
EOF results to infer past ocean-atmosphere interactions since the LGM. 
 
 
Figure 1. Map of the South China Sea and locations of marine sedimentary records used 
for the dataset compilation. 
 
2. Regional setting 
  The South China Sea (SCS), is one of the largest marginal seas in the world, 
located adjacent to the tropical-to-subtropical western North Pacific (Figure 1). The 
seasonal reversal of the EAM winds control modern surface water conditions on the NE-
SW axis of the SCS ( Liu et al., 2004; Liu et al., 2008; Wang and Li, 2009; Li et al., 
2014). During the East Asian Winter Monsoon (EAWM), northeasterly winds act from 
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North to South in the SCS (Wang et al., 1995; Chen et al., 1999; Wang and Li, 2009). 
Whereas, during the East Asian Summer Monsoon (EASM), relatively weaker 
southwesterly winds act in the southern and central parts of the SCS (Wang and Li; 2009).  
  Surface hydrodynamics are characterized by the presence of a large cyclonic gyre 
during winter, and a weak cyclonic gyre in the North and a strong anticyclonic gyre in 
the South during summer (Liu et al., 2010). These seasonal variations in the 
hydrodynamic settings result in contrasting SST and salinity latitudinal patterns (Liu et 
al., 2008). In summer, the SST is basin wide uniform with small variations (between 28,5-
29,5°C); while a large latitudinal SST gradient of approximately 9°C is observed between 
northern and southern SCS in winter (Liu et al., 2008).  
  SCS MLD also presents strong spatial-temporal variability, with remarkable 
seasonal and interannual variations (Duan et al., 2012). MLD climatology is primarily 
modulated by winds and sea-air heat exchange (Duan et al., 2012). The stronger EAWM 
winds are able to increase the MLD throughout the SCS (Xianjun et al., 2013). 
Additionally, the loss of surface heat under lower atmospheric temperature conditions 
promotes further water column instability making the MLD more susceptible to wind 
disturbance, under these conditions even weak winds can deepen the MLD (Duan et al., 
2012; Xianjun et al., 2013).     
 
3. Material and methods 
3.1 Data and chronology 
We compiled a dataset based on 11 previously published PF faunal records from 
the SCS. These records cover a latitudinal and longitudinal range of 5°N to 20°N and 
110°W to 119°W, and water depths from 1545 m to 3360 m (Table 1, Figure 1). PF faunal 
records (>150 µm) were obtained from the Publishing Network for Geoscientific and 
Environmental Data (PANGAEA – www.pangea.de). Ages obtained from the published 
records were based on δ18O stratigraphy or 14C dating (Table 1). To standardize 14C ages 
were calibrated to calendar years with Calib 7.1 (available at 
http://calib.qub.ac.uk/calib/). We assumed a reservoir effect of 400yr, corresponding to 






Table 1. Site location of the marine sedimentary records comprised in this planktonic 
foraminifera compilation. Time interval refers to the first and last age of each record, 
where numbers indicate if age models where based on (1) 14C dating or (2) δ18O 
stratigraphy. 











GIK 17940-2 20.11 117.38 1727 0.1 - 24.7¹ 100 Pflaumann and Jian (1999) 
MD97-2148 19.79 117.54 2830 0.1 - 24.9¹ 160 Chen et al. (1999) 
GIK 17938-2 19.47 117.32 2840 0.3 - 24.9¹ 57 Chen et al. (1999) 
31 KL 18.75 115.87 3360 14.4 - 15.9¹ 14 Chen et al. (1998) 
MD01-2394 13.78 110.25 2097 0.1 - 24.9¹ 157 Yu et al. (2006) 
MD97-2142 12.41 119.27 1557 0.08 - 24.3² 39 Chen et al. (2003) 
GIK 17957-2 10.53 115.18 2195 0.8 - 22.3² 9 Jian et al. (2000) 
MD97-2151 8.43 109.51 1589 0.1 - 24.7¹ 82 Huang et al. (2002) 
NS07-25 6.39 113.32 2006 2.6 - 24.6¹ 31 Xiang et al. (2009) 
MD01-2390 6.28 113.24 1545 1.0 - 24.4¹ 46 Steinke et al. (2008) 
GIK 18287-3 5.39 110.39 598 3.3 - 16.6¹ 51 Steinke et al. (2001) 
 
 
3.2 Deep-dwelling PF as a MLD Index 
  According to the lifecycles and the depth-related habitat of the PF species, a 
shallow (deep) MLD will increase the abundance of shallow water (subsurface and deep-
dwelling) species (Li, et al., 2004; Tian et al., 2005; Zheng et al., 2005; Steinke et al., 
2010; Salmon et al., 2015). This correlation is especially pronounced for deeper-
dwelling/subsurface species (Lin and Hsieh, 2007; Salmon et al., 2015), hence the relative 
abundance of deep-dwelling water species was applied as a MLD proxy. In our composite 
dataset, deep-dwelling/subsurface species are represented by Candeina nitida, 
Pulleniatina spp., Neogloboquadrina spp., Globorotalia spp (Fairbanks et al., 1982; Li et 
al., 2004; Kucera, 2007; Schiebel and Hemleben, 2016).  
We divided the records into two groups representing the North (records retrieved 
above 13°N) and South (records retrieved below 13°N) SCS. The records were then 
stacked to generate two continuous records encompassing the last 25 ka. 
 
3.3 EOF analysis 
  An unrotated Empirical Orthogonal Function (EOF) analysis was performed to 
find spatial and temporal patterns within our datasets using the software PAST 3.0 
(Paleontology Statistic) (Hammer et al., 2001; Venegas, 2001). The EOF analysis was 
used to compare the variability of northern and southern cores checking the contribution 
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of each EOF spatially. This was accomplished by comparing the EOF loadings with 
others marine and continental records of the EAWM and EASM activity.  
The EOF was performed by applying a principal component analysis to a matrix 
F = M x N where each row represents the measurements for a time tj (j=1,…n) and each 
column represents a time interval of the investigated sites. To perform the EOF the data 
set must have the same time spacing (t1 = tn). Hence, records GIK 17940-2, MD97-2148, 
GIK17938-2, MD01-2394 (representing the northern SCS); and MD9721-42, MD9721-
51, NS05-95, MD01-2390 and GIK 18287-3 (representing southern SCS) were 
interpolated in 100 year intervals using PAST 3.0 (Paleontology Statistic) (Hammer et 
al., 2001). The 31KL and GIK17857-2 records were excluded for the EOF analysis due 
to their low temporal resolution.  
    
4. Results and discussion 
4.1 Deep-dwelling PF as a MLD Index  
 The deep-dwelling PF species found in the compiled SCS dataset include 
Candeina nitida, Globorotalia crassaformis, Gr. hirsuta, Gr. inflata Gr. menardii, Gr. 
menardii flexuosa, Gr. scitula, Gr. theyeri, Gr. truncatulinoides, Gr. tumida, 
Neogloboquadrina dutertrei, N.  pachyderma and Pulleniatina obliquiloculata. Based on 
their depth habitats, these species are classified as intermediate and deep-water dwellers, 
living below the thermocline (Keller, 1985; Li, 2004; Regenberg et al., 2014). Symbiont-
barren and facultative species C. nitida and Neogloboquadrina spp. inhabit nutrient-
enriched waters, with high seafloor test abundances related to regions with enhanced PP 
(Kuroyanagi and Kawahata, 2004; Jonkers and Kucera, 2015). Globorotalia spp. shell 
flux responds to both SST and PP (Jonkers and Kucera, 2015). While, the facultative 
symbiont P. obliquiloculata, test flux has a positive response to warm subsurface waters 
(Jonkers and Kučera, 2015; Pflaumann and Jian, 1999). Considering that in the SCS MLD 
changes affect both food availability and water column temperature (Duan et al., 2012; 
Xianjun et al, 2013), we assume that changes in the percentage of deep-dwelling PF of 
our records reflect changes in the MLD. 
Our results point to a progressive MLD shoaling in the northern and southern SCS 
sectors in the last 25 ka (Figure 2). This general trend is superimposed by distinct intervals 
of deep-dwelling PF percentages change: (i) between 22 and 18 ka corresponding to the 
Last Glacial Maximum (LGM), (ii) between 17 and 15 ka, Heinrich event 1 (H1), cold 
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events mainly recorded in the Northern Hemisphere, and (iii) after 15 ka towards the 
Present (Figure 2).  
The LGM is marked by relatively higher deep-dwelling PF percentages, 72.0% 
and 63.0%, for the northern and southern SCS sectors, respectively (Figure 2), suggesting 
deeper MLD during the LGM. This scenario is in agreement with PF Mg/Ca based upper-
ocean thermal structure reconstructions (Figure 2) (Steinke et al., 2011). During the LGM, 
streghthened EAWM lead to an overall deeper SCS MLD (Steinke et al., 2011). After the 
LGM, a progressive MLD shoaling is observed for the northern and southern SCS sectors, 
but with distinct behaviour during the H1 (Figure 2). After 15 ka a slight decrease in deep-
dwelling PF percentages is observed in both northern and southern SCS sectors (Figure 
2) suggesting a MLD shoaling towards the Present. 
In the northern sector records, both the LGM and the H1 are marked by relatively 
higher abundance of deep-dwelling PF species (72.0% and 74.0%, respectively). The 
LGM is followed by an abrupt decrease in deep-dwelling PF species, going from 68.8% 
to 15.0% from 18 and 17 ka, respectively (Figure 2). Deep-dwelling PF species 
percentages increase again in the H1, from 7.1% to 41.2%, between 17 and 15 ka, 
respectively. Meanwhile, in the southern SCS the H1 is marked a sharp decrease in deep-
dwelling PF abundances, reaching 7.1% at approximately 15 ka (Figure 2). Hence, during 
the H1, the the north SCS sub-basin experienced deeper MLD, while in the south SCS 
sub-basin the H1 was marked by a shallower MLD.  
 The influence of Northern Hemisphere cold events over the EAM dynamics have 
been reported in continental records from East Asia suggesting an atmospheric 
teleconnection between high and low latitudes ( Yu et al., 2000; Donghuai, 2004; Guo et 
al., 2008). Nevertheless, numerical simulations (Yanase and Ouchi, 2007) and proxy 
based reconstructions (Chen et al., 2003; Sun et al., 2011; Su et al., 2013) point to strong 
ocean-atmosphere coupling during these climatic events. The EAWM northwesterly 
winds were intensified by the cold and dryer North Hemisphere (Yanase and Ouchi, 2007; 
Sun et al., 2011; Wang et al., 2014), and its consequent southward displacement of the 
Siberian high-pressure system (Chen and Huang, 1998). Thus, our deep-dwelling PF 
records reflect deeper MLD under intensified EAWM winds under and colder 
atmospheric temperatures. The abrupt changes recorded in the northern SCS sector and 
the less pronounced southern SCS may be a consequence of the latitudinal gradient of the 
EAWM impact, decreasing from N-S basin axis ( Qu, 2001; Cheng et al., 2005; Xianjun 
et al., 2013).  
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  A deeper MLD during the cold events LGM and Younger Dryas was reported by 
Steinke et al. (2011) in response to strengthened EAWM. However, the differences 
between northern (MD05-2904) and southern (MD01-2390) SCS sectors is not clear in 
surface and subsurface temperatures obtained from Mg/Ca ratios from G. ruber and P. 
obliquiloculata (Steinke et al., 2011). However, the MLD reconstruction based on deep-
dwelling fauna presented signals of both LGM and H1 in the northern sector while the 
southern sector showed less pronounced changes, except for a contrast of deeper MLD 
during the LGM followed by a shoaling. As the MLD in the SCS mainly respond to net 
heat flux and wind surface turbulence our compilation reflect EAWM impacts throughout 
the N-S SCS axis.    



































































































































































































































































































































































































































































































4.2 EOF-analysis  
The EOF analysis based on the deep-dwelling PF percentages isolated two 
principal factors (EOF-1 and EOF-2), that together explain 74.9% of the total variance. 
EOF-1 mode corresponds to 48.5% of the total variance, and EOF-2, 26.4% (Figure 3). 
EOF factor loadings variability revealed deep-dwelling PF response to PP (EOF-1) and 
subsurface water temperatures (EOF-2) (Figure 3). EOF-1 positive (negative) values 
point high (low) PP, whereas EOF-2 positive (negative) values indicate warm (cold) 
subsurface temperature.  EOF-1 reveals that, in the last 25 ka, deep-dwelling PF from 
both the northern and southern SCS sectors positively responded to PP enhancement 
(Figure 4). While, there was no clear response of deep-dwelling PF to subsurface waters 
temperature, as shown by EOF-2 (Figure 3).  
In the modern SCS, PP in both the northern and southern sub-basins is strongly 
affected by the EAM seasonal dynamics. Our EOF analysis presented two positive EOF-
1 intervals (from 25 to 15 ka, and 12 to 10 ka) followed by abrupt decreases in EOF-1 
(between 14 and 12 ka, and 10 and 6 ka) (Figure 3). Which suggests an alternation 
between enhanced and low PP in SCS surface waters within these intervals. This is in 
agreement with Sulu Sea paleoproductivity records reported by de Garidel-Thoron et al. 
(2001) (Figure 3). After 6 ka, however, EOF-1 values are persistently negative and with 
a relatively stable behavior (Figure 3). 
EOF-1 highlights enhanced PP particularly during known strengthened EAWM 
periods, such as the LGM in both northern and southern sectors (de Garidel-Thoron et al., 
2001; Steinke et al., 2010). EAWM strong northeasterly winds promote water column 
mixing and supply surface waters with nutrients consequently, increasing PP (He et al., 
2012; Su et al., 2015). While EASM winds promote water column stratification and 
surface waters nutrient depletion (He et al., 2012; Su et al., 2015). Our records are 
subjected to coupled effects of both the winter and summer monsoons which may impact 
SCS productivity differently. Thus, the northern SCS experiences larger PP amplitudes 
than its southern counterpart (Cheng et al., 2005). Therefore, our EOF-1 response to the 
Northern Hemisphere cold events is associated with the strength of the EAWM, as 
corroborated by Sulu Sea PP (Figure 3) (de Garidel-Thoron et al., 2001).  
  As the EAWM winds promote water column mixing, SCS subsurface 
temperatures decrease. EOF-2, however, showed no clear spatial pattern, particularly 
regarding latitudinal differences within SCS N-S axis (Figure 3). EOF-2 negative values 
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between 25 and 20 ka, and after 10 ka (Figure 3) suggest colder subsurface waters, while 
positive values observed between 20 and 10 ka point to warmer subsurface waters (Figure 
3). Although in agreement with SCS Mg/Ca based subsurface temperature 
reconstructions (Steinke et al., 2011), these intervals do not coincide with known climatic 
events, such as the LGM or H1 (Figure 3). Assuming that EOF-2 represents deep-
dwelling PF response to subsurface temperatures, this implies that SCS subsurface 
temperatures are driven by a different mechanism than the EAM. These mechanisms 
could be related to one of the multiple physical processes that influence SCSs’ upper-
ocean structure, such as (i) upwelling activity or (ii) changes in the circulation from 





Figure 3. EOF variability of the southern and northern SCS sectors responding to primary 
productivity and subsurface temperatures. (a) EOF-1 loadings over the last 25 ka (this 
study); (b) EOF components correspondent to deep-dwelling abundance (%) in the 
northern SCS; (c) Sulu Sea primary productivity (de Garidel-Thoron et al., 2001); (d) 
EOF-2 loadings over the last 25 ka records (this study); (e) EOF components 
correspondent to deep-dwelling abundance (%) in the southern SCS; and (f) Subsurface 
temperatures based on Mg/Ca rations from P. obliquiloculata from MD05-2904 (northern 




   The link between the EAM variability and cold events in the North Hemisphere 
have been previously explored in East Asia continental records. Our new SCS deep-
dwelling PF record provides an additional marine proxy based reconstruction to better 
comprehend interhemispheric atmospheric teleconnections between high and low 
latitudes during the LGM and H1, particularly observed in the Northern Hemisphere. 
Additionally, it provides new insights on the impacts of the ocean-atmospheric coupling 
between the SCS and the strength of the EAWM winds.  
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Abstract 
This work seeks to better understand the mechanisms that influenced the East South China 
Sea (SCS) sub-basin surface waters conditions over the last 300 ka. To achieve this, we 
examined planktonic foraminifera (PF) assemblages regarding their response to sea 
surface temperature (SST) and primary productivity (PP) changes. A Modern Analogue 
Technique was applied to the PF fauna data to reconstruct SST, and the percentage of 
deep-dwelling PF species was used as a proxy of PP. During interglacial stages the East 
SCS sub-basin surface waters were dominated by P. obliquiloculata, Gr. menardii, Gs. 
ruber (white), Gs. sacculifera, N. dutertrei, G. rubescens. These species presence 
suggests warm and oligotrophic surface waters, and a well-stratified water column, under 
strengthened East Asian Summer Monsoon (EASM). Interglacial stages high sea-level 
conditions also favored the exchange of waters between the western Pacific and the SCS, 
through the Kuroshio Current (KC) inflow into the SCS. The supply of nutrients by the 
KC inflow enhanced PP at specific interglacial intervals marked by the presence of  G. 
falconensis, Ga. calida, N. pachyderma, N. incompta and Ga. bulloides. Meanwhile, 
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glacial stages were characterized by the presence of cold and nutrient-enriched surface 
waters, with a relatively less stratified water column, related to the strength of the East 
Asian Winter Monsoon (EAWM).  Our data highlights strong regional differences 
between the SCS sub-basins driven by the East Asian Monsoon and the communication 
of this marginal basin with the Pacific Ocean.  
 




  The South China Sea (SCS) has a great potential to provide geological data that 
can be applied in the comprehension of the late Quaternary climatic changes. This 
marginal sea has high sedimentation rates and a major role in the heat exchange processes 
between low and high latitudes (Wang et al., 1999; Yu and Chen, 2013). Similarly, in the 
atmosphere, the East Asian Monsoon System (EAM) is one of the primary mechanisms 
that enables this communication (Wang et al., 1999; McClymont et al., 2013; Yu and 
Chen, 2013). The seasonal wind reversal derived from the EAM substantially affect SCS 
surface waters hydrographic conditions, mainly through changes in air-sea net heat flux 
(Liu et al., 2008; Wang and Li, 2009; Xianjun et al., 2013).  
This marginal basin sea surface temperature (SST) changes have been the focus 
of planktonic foraminifera (PF) based reconstructions for Quaternary glacial and 
interglacial cycles (i.e., Steinke, 2001; Chen, 2005; Li et al., 2008; Yu, 2008). PF 
assemblages or isotopic composition are widely used in palaeoceanographic 
reconstructions once their abundance and biodiversity are controlled by surface 
hydrography conditions (Wefer et al., 1999; Kucera, 2007; Dong et al., 2015). PF 
community structure and geographical distribution, however, are also controlled by other 
environmental parameters such as primary productivity (PP), salinity and water column 
thermal structure (Schiebel et al., 2002; Morey et al., 2005; Zaric et al., 2005; Jonkers and 
Kucera, 2015; Salmon et al., 2015). The seasonality of the PF shell flux has been reported 
strongly related to the PP cycles, according to ecological preferences of the species 
(Kucera, 2007; Jonkers and Kucera, 2015; Salmon et al., 2015).  
In subtropical oligotrophic seas, such as the SCS, PP is driven by nutrient 
availability in the euphotic zone. In the SCS multiple mechanisms (e.g., EAM dynamics, 
upwelling activity, aeolian or river input) can promote nutrient enrichment in surface 
37 
 
waters (Chen et al., 2006; Yu et al., 2008; He et al., 2013; Su et al., 2013). Previous SCS 
reconstructions report enhanced (reduced) PP during glacial (interglacial) stages as a 
response to the strong (weak) vertical mixing of the water column leading to a deeper 
(shallower) mixed layer depth (MLD) promoted by the strengthened East Asian Winter 
Monsoon (EAWM) (East Asian Summer Monsoon (EASM)) (Tian et al., 2005; He et al., 
2013; Su et al., 2013; Su et al., 2015). 
The SCS palaeoceanographic records have been widely used for late Quaternary 
reconstructions since ODP Leg 184 in the late 90s, with the northern and southern SCS 
sub-basins SST changes in response to the EAM as the main focus of these 
reconstructions. For the eastern SCS sub-basin, however, only a few studies have been 
conducted (Chen et al., 2003; Wei et al., 2003; Ren et al., 2012; Li et al., 2017) all based 
on one record (core MD97-2142). Here we present a new PF record from a record (Hole 
U1431D) retrieved from the East SCS sub-basin deep-sea during International Ocean 
Discovery Program (IODP) Expedition 349. Changes in PF assemblages were examined 
regarding their relationship with SST and PP changes in response to palaeoceanographic 
and palaeoclimatological oscillations in the last 300 ka. 
 
2. Modern oceanographic conditions 
The modern SCS presents significant meridional and zonal hydrographic 
gradients that determine unique characteristics to this marginal sea sub-basins (Cheng et 
al., 2005; Xianjun et al., 2013). The oceanographic patterns of the SCS (i.e., SST, surface 
currents and water column stratification) respond to the seasonal EAM dynamics and the 
exchange of water with the Pacific Ocean through the Kuroshio Current (KC) (Wang et 
al., 2009; Liu et al., 2010; He and Wu, 2013).  
The EAM seasonal wind reversal is a consequence of the seasonal migration of 
the Intertropical Convergence Zone and the reversal of the heating capacity between land 
and ocean (Wang and Ding, 2008; Cheng et al., 2012). During the EASM the SCS surface 
waters present uniformly high SST (28-29°C) and low salinities due to increased 
precipitation over the Asian continent (Steinke et al., 2006; Wang and Li, 2009). SW 
winds, established during May-September mainly in the south and central parts of SCS, 
reach up to 6 m.s-1 (Steinke et al., 2006; Liu et al., 2008; Wang and Li, 2009). Whereas, 
during the EAWM cold and dry air masses from Siberia, configure low SST (6-21°C) and 
a large cyclonic gyre in central SCS, as strong winds (>8 m.s-1) act in the NE-SW axis of 
this marginal basin (Steinke et al., 2006; Liu et al., 2008; Wang and Li, 2009). The 
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latitudinal impact of the EAWM affects the zonal SST gradient, presenting lower 
temperatures in the northern (20 – 28°C) in contrast to southern SCS (26 – 29,8°C) (Tian 
et al., 2010). 
The variations of the MLD in the SCS reflect the latitudinal and longitudinal 
gradients of the EAM and SST (Qu, 2001; Xianjun et al., 2013). In the modern SCS, the 
MLD varies between 15 m and 40 m in the N-S axis during summer (warmer SST) and 
winter (colder SST), respectively (Chen et al., 1999; Xianjun et al., 2013). The dynamics 
of the SCS MLD is mainly controlled by air-sea interactions (Duan et al., 2012). 
However, the northern, southern and western SCS sub-basins MLD changes are 
profoundly impacted by the EAM wind stress (Xianjun et al., 2003; Cheng et al., 2005). 
While in the east the overlying atmosphere temperatures, and resulting heat flux, exerts 
the primary control over MLD and the EAM wind stress plays a secondary role (Xianjun 
et al., 2003; Cheng et al., 2005). The western SCS also experiences recurrent summer 
upwelling, under a boundary current influence with smaller MLD amplitudes (Xianjun et 
al., 2013). 
The KC inflow into the northern SCS through Luzon Strait (Figure 1) also occurs 
seasonally, favored by the strong EAWM winds during winter (Xue et al., 2004; Kao et 
al., 2006; Liu et al., 2013). This western Pacific boundary current transports heat from 
low to mid-latitudes (Qiu, 2001) and impacts the northeastern SCS oceanic circulation, 
as it forms an anticyclonic current loop (Xue et al., 2004; Liu et al., 2013). However, this 
inflow branches in the SCS also affecting the west and east SCS producing cyclonic 
eddies (Xue et al., 2004; Liu et al., 2013). The KC intrudes into the SCS transporting 
large amounts of heat, which can increase this basin SSTs (Chen et al., 2003; Li et al., 
2010). As the KC inflows onto the SCS, its' nutrient-enriched subsurface waters are 
brought to the surface upwelled by different processes, such as wind-driven upwelling, 
vertical mixing or cyclonic eddies (Guo et al., 2012; Chen et al., 2003, 2017). 
  The EAM dynamics drives PP seasonality, and latitudinal and longitudinal 
patterns (Su et al., 2013). In general, modern SCS has low PP, except for wind-driven 
upwelling areas in the western sub-basin by the EASM winds, and in the eastern sub-
basin by the EAWM winds (Liu and Chai, 2009). Whereas, in the northern and southern 
sub-basins relatively high PP occurs during winter in response to stronger vertical mixing 
(deeper MLD) promoted by the strengthened EAWM NE winds (Tian et al., 2005; He et 





3. Material and methods 
   Hole U1431D (15o22’N, 117o00’E, 4240 m water depth, 617 m of sediment 
recovery) was retrieved from the SCS East Sub-basin (Site U1431) (Figure 1) during the 
IODP Expedition 349 onboard the R/V JOIDES Resolution. For this study, sub-samples 
(N=100) of about ~10 cc were collected in 20 cm intervals from the first 20 m of the hole 
and archived in the Paleoceanography and Paleoclimatology Laboratory (LabPaleo²) at 
the Center for Marine Studies (UFPR). The sedimentation rate for this section of Hole 
U1431D was estimated at approximately 5 cm/ka based on onboard biostratigraphy and 
paleomagnetic data (Li et al., 2015).  
 
 
Figure 1. Study area and location of the Hole U1431D (this study) and cores MD9721-





  A combination of oxygen isotope (δ18O) analysis and 230Th will be performed for 
detailed hole chronology. The radionuclides measurements were performed in 30 samples 
distributed along Hole U1431D at Laboratório de Química Inorgânica Marinha 
(LaQIMar) from Instituto Oceanográfico (USP). The analysis was made in an EG &G 
ORTEC software (MAESTRO, version 6) following the methods described by Ferreira 
et al. (2015). 230Th sedimentation rates were determined by coupled χ2 test and Pearson 
correlation analysis of the nuclide behavior. 
The δ18O analysis will be performed in 48 samples distributed along Hole 
U1431D. For this, between 3 and 10, Globigerina ruber tests were picked from the >150 
µm size fraction, species selection was made based on persistent presence in all samples. 
The δ18O analysis will be performed using an ICP-MS at MARUM from Bremen 
University (Germany). The δ18O curve of Hole U1431D will be tuned with the Stack 
LR04 chronology of Lisiecki and Raymo (2005) using the AnalySeries software (Paillard 
et al., 1996).  
To validate the results of the unsupported 230Th model, a statistical comparison 
will be made between its age model and the one from the planktonic foraminifera δ18O 
record. For such, Student's t-test was used to evaluate if the two age sets are significantly 
similar. The t-test assumptions of data normality and homoscedasticity will be checked 
with Anderson–Darling and Levene tests, respectively. 
 
3.2 Planktonic foraminifera assemblages 
  For this study, samples (N = 51) distributed along Hole U1431D were selected for 
the planktonic foraminiferal analysis. Each sample was weighed (~10g), shaken in a table 
for 2 hours for sediment disaggregation, washed with water in a 63 µm mesh sieve, and 
then oven-dried at 40°C.  
  To estimate the maximum planktonic foraminifera diversity in the SCS samples 
were dry sieved in a 150 µm mesh sieve and at least 300 specimens per sample were 
picked and identified under a stereo-microscope (Pflaumann and Jian, 1999; Zheng et al., 
2005; Steinke et al., 2008; Yu et al., 2008). Planktonic foraminifera tests were quantified 
to estimate total abundance (tests/g of dry sediment). Tests were identified following the 
taxonomy of Parker (1962), Bé (1967), Kipp (1976) and Hemlemben et al. (1989).  
  Species with relative abundance averages >2% were used to perform an R-mode 
cluster analysis. The R-mode cluster analysis was applied to the dataset to compare the 
variability of the species relative abundances (Parker and Arnold, 1999). 
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3.3 SST Reconstruction 
 The SST was estimated by a transfer function applied to the planktonic 
foraminifera assemblages. For this, we used a Modern Analog Technique (MAT) which 
measures the dissimilarity index between the fauna of the fossil record and a modern 
fauna database from the squared chord distance where lower values represent higher 
similarity of the paired species. The technique is widely applied and allows the balance 
of the less dominant species, amplifying their signals, and abundant species (Prell, 1985; 
Chen et al., 2005). The fossil assemblages were compared with the data from modern 
SCS and Western Pacific available on MARGO (MARGO, 2004). The analysis was 
performed in the software PAST 3.0.   
 
3.4 MLD proxy-based reconstruction 
  The percentage of deep-dwelling and subsurface water PF species was used as an 
MLD changes indicator. The abundance of these groups is depth-related according to the 
availability of nutrients along the water column (Jian et al., 2001; Salmon, 2015). A 
deeper MLD becomes the nutrient content available to the deeper layers of the water 
column favoring the deep-dwellers or subsurface groups (Salmon et al., 2015). 
 In the SCS the deep-dwellers/subsurface group are represented by Sphaeroidinella 
dehiscens, Candeina nitida, Ga. praebulloides, Ga. nepenthes, Globoquadrina dehiscens, 
Gq. venezuelana, Pulleniatina spp., Neogloboquadrina spp., Globorotalia spp., and 




  According to the 230Th activity, the uppermost 20m of Hole U1431D comprise 
sediments from the Middle Pleistocene (up to MIS 8) to Present, with sedimentation rates 
of 7.62 cm.ka-1 (Figure 2). The age model will be better constrained with the results of 
the δ18O analysis. All the samples for the δ18O analysis have been picked and are waiting 
to be analyzed at MARUM (Bremen University/Germany), with estimated delivery of 





Figure 2. Vertical profile of 230Th activity in a) Bq.kg-1 (radioactivity) and b) Linear 
regression obtained from core U1431D.   
 
4.2 Planktonic foraminifera assemblages 
   A total of 32 species of planktonic foraminifera belonging to 13 genera were 
identified along the first 20 m of Hole U1431D. Species with relative abundance averages 
>2% represent approximately 65% of the planktonic foraminifera fauna from Hole 
U1431D. These include Globigerina falconensis, Globoturborotalita rubescens, 
Globigerina bulloides, Globigerinella calida, Globigerinoides ruber (white), 
Globigerinoides sacculifera, Globorotalia menardii, Neogloboquadrina pachyderma 
(right coiling), Neogloboquadrina dutertrei, Neogloboquadrina incompta and 
Pulleniatina obliquiloculata (Figure 3). 
   The R-mode cluster analysis revealed three main assemblages dominated by P. 
obliquiloculata, G. ruber (white) and Ga. bulloides (Figure 3).  
The P. obliquiloculata assemblage is composed by Gr. menardii and P. 
obliquiloculata (Figure 2). Except for MIS 5, when it reaches relative abundances > 5%, 
this assemblage presented relatively low abundance (< 1%)  throughout the record (Figure 
3). The P. obliquilocoluta has higher relative abundance during interglacial stages, MIS 
7 and MIS 5 (4.3% and 9.9%, respectively), and during the glacial stage MIS 6 (32% at 
approximately 146 ka). Gr. menardii has higher relative abundance during MIS 5 (19.2%) 





Figure 3. R-mode dendrogram for planktonic foraminifera species with relative 
abundance average > 2% of Hole U1431D. The similarity index derived from Euclidian 
distances (UPGMA method).  
 
  The Gs. ruber (white) assemblage can be subdivided into two subgroups, 
dominated by Gs. ruber (white) and G. falconensis (Figure 3).  The first subgroup is 
composed by Gs. ruber (white), Gs. sacculifera, N. dutertrei, N. pachyderma (right 
coiling) and N. incompta (Figure 2). The species in this subgroup are the most abundant 
planktonic foraminifera species along U1431D record (Figure 4). Gs. ruber (white) and 
Gs. sacculifera represent approximately 17% and 14% of the total planktonic 
foraminifera fauna, respectively. In general, this subgroup occurs in higher relative 
abundance during interglacial stages (Figure 4). Gs. ruber (white), Gs. sacculifera, N. 
dutertrei, show relatively higher relative abundance during MIS 7, MIS 5 and MIS 3 
(between 7% and 22%). While N. pachyderma (right coiling) and N. incompta show 
higher relative abundance during MIS 7 and MIS 3 (between 8% and 12%). 
   The G. falconensis subgroup is composed by Ga. calida, G. rubescens and G. 
falconensis (Figure 3). This subgroup species present no clear abundance distribution 
throughout Hole U1431D. G. falconensis presents relatively high abundances during MIS 
8 and MIS 6 (between 7% and 17%), G. rubescens higher abundances occur during MIS 
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7, MIS 6 and MIS 3 (between 5% and 15%), and Ga. calida during MIS 8 (14.5%) (Figure 
4).  
  The Ga. bulloides was isolated in the R-mode cluster analysis (Figure 3). This 
species presents overall low relative abundance with averages between 1% and 2% 
throughout the first 20 m of Hole U1431D, except during MIS 3 when reaches a 



































































































































































































































































4.3 SST Reconstruction 
  The MAT-SST reconstruction estimated glacial SSTs ranging from 21.5°C and 
25.3°C and interglacial SSTs between 26.8°C and 28.5°C (Figure 5a). In general, SSTs 
display higher averages (27.1°C) during interglacial stages (MIS 5 and MIS 3) and 
relatively lower average (26.1°C) during glacial stages (MIS 8 and MIS 6), except for one 
cooling event during MIS 7 (21.5°C) (Figure 5a).  
 
4.4 MLD proxy-based reconstruction  
  The percentage of deep-dwelling planktonic foraminifera varied between 34.7% 
and 75.0% during glacial stages and from 25% to 78.5% during interglacials (Figure 5b). 
Higher deep-dwelling percentages are observed during MIS 8 (62.7%), MIS 6 (75.0%), 
MIS 5 (78.5%) while lower percentages occur during MIS 7 (48.2%) and MIS 3 (25.0%) 
(Figure 5b).  
 
 
Figure 5. Along hole U1431D planktonic foraminifera (a) MAT-SST (°C) reconstruction 
and (b) Deep-dweller group variability. Marine isotopic stages (MIS) are indicated by the 






5.1 Planktonic foraminifera assemblage response to changes in hydrographic 
conditions 
The planktonic foraminifera assemblages obtained in this study are commonly 
found in the modern SCS (e.g., Pflaumann and Jian, 1999; Lin and Hsiesh, 2007) and 
applied as proxies in SCS paleoceanographic reconstructions (e.g., Li et al., 2005; Xu et 
al., 2005; Steinke et al., 2010; Yu et al., 2013). As planktonic foraminifera assemblages 
respond primarily to SST and PP (Morey et al., 2005; Kucera, 2007; Jonkers and Kucera, 
2015; Schiebel and Hemleben, 2016), we here discuss the East SCS sub-basin planktonic 
foraminifera assemblages’ changes from this perspective.   
  The P. obliquiloculata assemblage is composed of tropical/subtropical species, 
with P. obliquiloculata being considered to reflect warmer modern Western Pacific 
conditions (Pflaumann and Jian, 1999; Zaric et al., 2005). These species are subsurface 
dwellers and facultative symbiont, with no clear relationship between PP and their 
seasonal distribution in the SCS (Pflaumann and Jian, 1999; Jonkers and Kucera, 2015). 
We observe increased abundances of the P. obliquiloculata assemblage during 
interglacial stages, suggesting that relatively warmer SST occupied the East portion of 
the SCS during these periods (Figure 4). In interglacial stages, higher abundances Gr. 
menardii and P. obliquiloculata in other SCS marine sedimentary records have also been 
related to higher SST (Andreasen and Ravelo, 1997; Jian et al., 2001; Zheng et al., 2005; 
Li et al., 2008).  
 The Gs. ruber (white) assemblage was subdivided into two subgroups the Gs. 
ruber (white) and G. falconensis (Figure 3), considered to reflect different water column 
conditions. The Gs. ruber (white) subgroup presented higher abundances during MIS 7, 
MIS 5 and MIS 3 while G. falconensis presented higher during the glacials MIS 8 and 
MIS 6 (Figure 3). 
Typical of modern tropical and subtropical oceans the Gs. ruber (white) subgroup 
is composed of warm water and symbiont/facultative bearing species (i.e., Gs. ruber 
(white), Gs. sacculifera and N. dutertrei) and by inhabitants of temperate to cold waters 
(i.e., N. pachyderma (right coiling) and N. incompta) (Morey et al., 2005; Jonkers and 
Kucera, 2015). Gs. ruber (white), Gs. sacculifera and N. dutertrei have their maximum 
abundances limited by a thermal optimum above 25 °C, responding primarily to SST 
conditions (Lin and Hsiesh, 2007; Jonkers and Kucera, 2015; Salmon et al., 2015). Gs. 
ruber (white) and Gs sacculifera are also considered to positively respond to stratified 
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and oligotrophic surface water conditions (Chen et al., 1998; Wang, 2000; Huang et al., 
2002; Yu et al., 2006; Lin and Hsiesh, 2007; Jonkers and Kucera, 2015). Therefore, the 
observed high abundances of Gs. ruber (white) and Gs. sacculifera suggests the presence 
of warm and well-stratified waters during interglacial stages. Meanwhile, N. dutertrei has 
been applied in the SCS as a proxy for upwelling (Jian et al., 2001; Kuroyanagi and 
Kawahata, 2004; Shi et al., 2014), and high abundances (> 20%) of this species in SCS 
sedimentary records have been reported for the Last Glacial Maximum (LGM) and MIS 
5 associated to enhanced PP (Shi et al., 2014). Additionally, in the modern SCS, the 
symbiont-barren N. pachyderma and N. incompta present positive correlation with high 
chlorophyll concentrations (Kuroyanagi and Kawahata, 2004; Jonkers and Kucera, 2015). 
High abundances of these species in the SCS and Pacific have also been applied as 
upwelling proxies (Kuroyanagi and Kawahata, 2004; Steinke et al., 2008; Yu et al., 2008). 
Hence, the observed high abundances of this subgroup during MIS 7, MIS 5 and MIS 3 
suggests that the East SCS sub-basin experienced warm and well-stratified waters, with 
punctuated periods of enhanced PP.    
  The G. falconensis subgroup includes subsurface dwellers species that inhabit 
temperate and cold water (i.e., G. falconensis and Ga. calida) as well as surface warm 
tropical waters (i.e., G. rubescens) (Pflaumann and Jian, 1999; Peeters and Brummer, 
2002; Jonkers and Kucera, 2015). Except for G. rubescens, this assemblage is composed 
of symbiont-barren species, with a close relationship and dependence of PP (Pflaumann 
and Jian, 1999; Jonkers and Kucera, 2015). Hence, during MIS 7 and MIS 3, higher 
abundances of G. rubescens probably reflect warmer SST in interglacials rather than 
changes in surface waters PP (Jonkers and Kucera, 2015). In other SCS mid-Pleistocene 
records G. falconensis and Ga. calida abundances present no clear glacial/interglacial 
patterns (Zheng et al., 2005; Yu et al., 2008). Our data, however, shows higher 
abundances of G. falconensis and Ga. calida during glacial stages, especially during MIS 
6 and MIS 8, suggesting nutrient-enriched surface waters in this period.  
  Ga. bulloides is a surface dweller species that inhabits cold water and nutrient 
enriched waters (Kucera, 2007; Schiebel and Hemleben, 2016). This symbiont-barren 
species abundance is widely applied as an upwelling proxy (Prell and Curry, 1981; 
Pflaumann and Jian, 1999; Peeters and Brummer, 2002) in areas under the influence of 
the Indian and East Asian summer monsoon (Gupta et al., 2003; Schiebel et al., 2004; 
Zaric et al., 2005). Except for MIS 3 we observe overall low abundances for Ga. bulloides 
(Figure 3), which is in agreement with abundances found in modern SCS sediments 
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(Nathan and Leckie, 2003; Wang et al., 2014). In the northern Okinawa Trough (adjacent 
to the East China Sea) higher abundances of Ga. bulloides during MIS 3 have also been 
observed and related it to upwelling activity (Shi et al., 2014). Thus, Ga. bulloides high 
abundances in MIS 3 supports a scenario of higher PP at our record site during this 
interglacial. 
  Previous EAM reconstructions have shown that during interglacial (glacial) stages 
strengthened EASM (EAWM) promotes warm and humid (cold and dry) climatic 
conditions over the Asian continent (Guo et al., 2008 and references therein). The 
enhanced precipitation from the EASM would lead to a decrease in SCS surface waters 
salinity and density (Duan et al., 2012) resulting in a well-stratified water column. This 
scenario supports the presence of warm and oligotrophic surface waters in the East SCS 
sub-basin inferred from the predominance of P. obliquiloculata and Gs. ruber (white) 
assemblages during late Quaternary interglacial stages.  
Our PF record, however, is also marked by periods with high abundances of 
species considered to inhabit high PP waters (i.e., N. dutertrei, N. pachyderma, N. 
incompta, Ga. bulloides, Ga. calida and G. falconensis). Thus, suggesting that during 
interglacial stages MIS 7, 5, and 3, and glacial MIS 8 the East SCS sub-basin surface 
waters experienced periods of increased PP. The EAM seasonal dynamics (EAWM and 
EASM) drive modern SCS PP, impacting each of the SCS sub-basins superficial 
circulation (Liu et al., 2002; Hess and Khunt, 2005; Su et al.; 2013; Shi et al., 2014) 
differently. This is reflected in SCS PP reconstructions, as previous studies have 
suggested that during glacial stages the EAWM controlled PP in the northern SCS (e.g., 
He et al., 2013); while there is no consensus for PP patterns and driving mechanisms over 
the rest of the SCS (e.g., Wei et al., 2003; Wang et al., 2007).  
The EAM seasonal dynamics (EAWM and EASM) drive modern SCS PP, 
impacting each of the SCS sub-basins superficial circulation differently (Liu et al., 2002; 
Hess and Khunt, 2005; Su et al.; 2013; Shi et al., 2014). For the East SCS sub-basin, 
where our site is located, PP devoid a clear seasonal pattern, being primarily controlled 
by wind-driven Ekman convergence/divergence (upwelling/downwelling) rather than by 
wind-driven vertical mixing (Siswanto et al., 2017). During glacial stages, MIS 6 and 
MIS 8 relatively high abundances of the symbiont-barren Ga. calida and G. falconensis 
observed in Hole U1431D point to nutrient enriched surface waters. High abundances of 
G. falconensis have been considered to be a reliable proxy for strong EAWM as its high 
abundances in the Arabian Sea reflect high PP waters during non-upwelling conditions 
50 
 
(Peeters and Brummer, 2002; Schultz et al., 2002).  Hence, in these glacial stages, we 
propose that a strengthened EAWM (Hao et al., 2012) would act as an effective upper-
ocean mixing agent and supply nutrients to the surface waters enhancing PP.  
Conversely, during late Quaternary interglacial stages, with a weak EAWM (Hao 
et al., 2012), surface water nutrient supply would have resulted from other driving 
mechanisms. Interglacial stages are marked by (i) strengthened EASM and (ii) high 
relative sea level conditions (Figure 6b,f). The first enhances PP in the East SCS sub basin 
through wind-driven upwelling of deeper nutrient-enriched waters, while the later, allows 
a more efficient KC inflow through the Luzon Strait (Xu et al., 2005; Liu et al., 2013; Shi 
et al., 2014; Li et al., 2017), enabling PP increase (Chen et al., 2001; Liu et al., 2013).   
For the interglacial MIS 7 and MIS 3, we observe relatively high abundances of 
N. dutertrei, N. pachyderma, N. incompta, Ga. bulloides commonly applied as upwelling 
proxies (Jian et al., 2001; Kuroyanagi and Kawahata, 2004; Yu et al., 2008; Shi et al., 
2014). These species suggest that during these interglacials strong EASM winds 
promoted upwelling of nutrient-enriched waters and PP enhancement in the East SCS 
(Figure 6.b). Specifically, for MIS 5, it is possible that strong EASM winds and KC 
inflow, due to elevated relative mean sea level, contributed to PP enhancement. Other 
studies have proposed the exchange of waters between the SCS and the Pacific Ocean, 
through the KC inflow, as the primary factor affecting PP increase during this interglacial 
stage (Li et al., 2010; He et al., 2013). MIS 5 features the highest relative mean sea level 
in the last 300 ka (approximately 9 to 13 m above the Present, Figure 5.f) (Bates et al., 
2014). As a consequence of the warm KC intrusion waters in MIS 5, high P. 
obliquiloculata/N. pachyderma ratio is observed (Figure 6g). Therefore, in this 
interglacial, the East SCS sub-basin hydrodynamic and PP were under the large KC 
influence.  
Our results suggest that in the last 300 ka interglacial stages, the East SCS sub-
basin waters were dominated by typical tropical and subtropical planktonic foraminifera 
species (P. obliquiloculata, Gr. menardii, Gs. ruber (white), Gs. sacculifera, N. dutertrei, 
G. rubescens), inhabiting warm and oligotrophic waters promoted by a strengthened 
EASM, while, as secondary components of the fauna, temperate to cold water species (G. 
falconensis, Ga. calida, N. pachyderma, N. incompta and Ga. bulloides) are present 
during specific interglacial and glacial stages intervals in response to punctuated 
enhanced PP. In these periods increased PP, the physical processes (i.e., wind-driven 
upwelling and upper-ocean mixing) driven by the EAM winds, and the KC inflow, under 
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high relative mean sea level, may have played a significant role in the East SCS sub-basin 
surface waters environmental conditions. 
 
5.2 East SCS sub-basin planktonic foraminifera based SST and MLD 
reconstructions 
  PF based transfer function techniques are widely applied in paleoceanography 
studies independent of location (e.g., Kucera et al., 2005; Chapori et al., 2015; Haddam 
et al., 2016). However, in the SCS, this method has rarely been applied since a no-
analogue situation was reported by Steinke et al. (2008). According to these authors, in 
the Last Glacial Maximum (LGM), anomalous high percentages of P. obliquiloculata and 
N. pachyderma (the warmest and coldest fauna, respectively, of the Western Pacific) 
observed in SCS records would invalidate the application of PF based transfer function 
for SST reconstructions during this cold event. Our MAT-SST reconstruction suggests 
that the East SCS sub-basin experienced SST fluctuations of approximately 1°C on 
average between glacial and interglacial stages over the past 300 ka (Figure 6e). The P. 
obliquiloculata/N. pachyderma ratio is higher only during the interglacial MIS 5. Thus, 
we refuse a no-analogue situation in our glacial SST reconstructions. Additionally, our 
SST estimates for glacial and interglacial stages are in accordance with previously 
published SST curves based both on planktonic foraminifera transfer function (Chen et 
al., 2003), and Mg/Ca based SST (Wei et al., 2007), from the east and north SCS sub-
basins, respectively (Figure 6c and 6d). 
Meanwhile, for the interglacial stages, the P. obliquiloculata/N. pachyderma ratio 
can be applied as a proxy for warm subsurface waters in the SCS in response to the inflow 
of warm waters from Western Pacific in the SCS (Li et al., 2004). The late Quaternary 
relationship between SST and the KC inflow has been suggested by Chen et al. (2003). 
These authors found significant SST fluctuations and glacial/interglacial patterns, with 
amplitudes of 1.8-3.5°C in the SCS (Figure 6d). According to these authors, during the 
glacial and interglacial stages, the inflow of these warm waters was controlled by the 
exposure of the connections with open oceans with changing sea level. Sea-level 
oscillations, and the consequent KC inflow to the SCS are not the only mechanism behind 
SCS SST changes (e.g., Cheng et al., 2005; Wei et al., 2007).  
Modern SCS presents a north-south SSTs latitudinal gradient with increasing SST 
from north to south, controlled by the intensity of the EAM (Cheng et al., 2005). This 
gradient is present in the SSTs reconstruction over the last 300 ka, as reconstructed SST 
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in the north sub-basin (core 1144, Wei et al., 2007) are lower than those found in the 
eastern sub-basin (U1431D, this study), which in turn are lower than those observed for 
a core located further south (MD97-2142, Chen et al., 2003) (Figure 6). Our SST 
reconstruction presents similar patterns with both the EAM and sea level records (Figure 
6). Our temporal resolution, however, does not allow for a better constraint of the 
controlling mechanism behind the SCS eastern sub-basin SST changes in the late 
Quaternary.   
 The EAM and SST changes also influence latitudinal and longitudinal variations 
in the MLD of the SCS (Qu, 2001; Xianjun et al., 2013). In the East sub-basin, MLD is 
mainly controlled by the overlying atmosphere temperatures and EAM wind stress are 
less important (Xianjun et al., 2003; Cheng et al., 2005). Hence, during glacial 
(interglacial) stages negative (positive) heat flux would favor a deeper (shallower) MLD 
in the eastern SCS sub-basin. Our MLD reconstruction based on the deep-dwelling PF, is 
in agreement with this, as it reveals deeper MLD during glacial stages (MIS 8 and MIS 
6) (Figure 6i). However, there is no clear contrast between glacial and interglacial stages, 
as during interglacial stages MIS 7 and MIS 5 deep-dwelling PF percentages are also 
relatively high (Figure 6i). Which suggests that either (i) air-sea heat flux was not the 
main controlling factor for the late Quaternary eastern sub-basin MLD patterns or (ii) 
deep-dwelling PF percentages is not a good proxy to infer MLD in the East SCS sub-
basin. 
 We favor the latter as according to fauna and Mg/Ca based SST reconstructions, 
during interglacial stages warmer SST predominated in the SCS (Figure 6), this would 
promote a more stable water column, leading to shallower MLD. In general, deep-
dwelling PF text flux to the seafloor positively responds to enhanced primary productivity 
related to deeper MLD (Salmon et al., 2015). In fact, our deep-dwelling PF respond to PP 
as shown by similar patterns with other paleoproductivity proxies (Ba/Sc ratio) from 
northern SCS (Figure 6h) (Wan et al., 2010). However, in the SCS the nutrient supply, 
resulting in enhanced PP, can be promoted by vertical mixing, upwelling activity or 
changes in the circulation from exchange waters of Western Pacific (He et al., 2013), as 
shown in our data. These physical processes affect the upper-ocean thermal structure in 
different and complex ways (Jian et al., 2001; He et al., 2013), which does not translate 
to the correlation between deeper (shallower) MLD and increased (decreased) PP. 
 Our data suggests that in the last 300 ka the East SCS sub-basin surface water 
conditions (i.e., SST and PP) were influenced by the EAM and the KC inflow. The latter 
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has been particularly significant during interglacial stages, under high relative mean sea 
level. The interglacial stages featured surface waters predominantly warm, oligotrophic, 
and well stratified, in response to the EASM, but have been punctuated at times with 
enhanced PP, in response to changes in nutrient supply by wind-driven upwelling and the 
KC inflow. Meanwhile, glacial stages were characterized by the presence of cold and 
nutrient enriched waters, with a relatively less stratified water column, related to vigorous 



















































































































































































































































































































































































































































































 In the last 300 ka, planktonic foraminifera assemblages from East SCS sub-basin 
(Hole U1431D) reflect changes in SST and PP conditions. We interpreted these changes 
as responses to the EAM dynamics and the KC inflow into the SCS. Our data allowed us 
to infer that EASM winds favored the presence of warm, oligotrophic, and well-stratified 
surface waters in the East SCS sub-basin during interglacial stages; with episodic 
enhanced PP, as the KC inflow brought nutrient enriched waters from the Pacific Ocean. 
As a response to a strengthened EAWM, cold and productive surface waters occupied the 
East SCS sub-basin during glacial stages. Our data also highlights that the East SCS sub-
basin has a complex hydrodynamic response to Late Quaternary glacial and interglacial 
cycles. As the upper-ocean in this part of the SCS responds to both ocean-atmosphere 
interactions (EAM dynamics) and sea level oscillations (KC inflow).  East SCS sub-basin 
appear to have a great potential to aid in the understanding of the exchange of waters 
between the SCS and the Western Pacific and it’s the implications, especially during 
higher sea-level events. 
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